In this study, the influence of piezoelectric ceramic particles (PZT) on a continuous carbon fibre (CF) reinforced epoxy was investigated. Therefore, unidirectional laminates were produced via film stacking in an autoclave. Mode-I interlaminar fracture toughness tests were carried out as well as tensile tests and short beam shear test to evaluate E-modulus and interlaminar shear strength (ILSS), respectively. The amount of PZT was varied and additional fracture surface analysis by scanning electron microscopy (SEM) clarified how the PZT affects the G IC of the particular laminates. It was found, that the addition of the PZT-particles caused a significant decrease in fracture toughness, whereas stiffness and ILSS were effected only marginally.
INTRODUCTION
It is well known and studied that the addition of interleaving films can improve tensile strength, axial fatigue properties and the vibration damping behaviour [1, 2] . Further, the addition of piezoelectric ceramics in terms of particles into CF/EP-composites leads also to a remarkable improvement in the vibration damping behaviour [2, 3] . The use of piezoelectric ceramics resulted in an improvement of loss factors for the first mode of up to 5 times the damping of conventional carbon fibre reinforced plastics. The reason and mechanisms for this particular behaviour is well understood and explained [4, 5] , however, interlaminar and interfacial interactions between the different components were not sufficiently investigated so far. Recently, Wilson et al. demonstrated , that the electric field structuring technique can be used to induce directional electric and mechanical properties (i.e. to produce functionally graded materials) in epoxy/PZT-particles composites [6] . An alternative route to enhance the passive vibration damping was introduced by Rajoria et al. [7] , namely by incorporation of carbon nanotubes into epoxy resin.
The control of active [8, 9] and passive vibration damping [10, 11] in polymers and fibre reinforced polymers attracts more and more interest, especially in the aerospace industry. Therefore, it becomes necessary to examine the influence of piezoelectric layers (e.g. ceramic particles) on fundamental material properties such as stiffness, toughness and strength. In this study, a macromechanical analysis will be performed on unidirectional laminates (CF/ EP) containing different particle contents. In particular, the presence of the particles in the interlaminar region (fracture toughness, shear strength) will be discussed. Moreover, fracture surface analysis by SEM should help to evaluate the effects on a micro-level at the interfaces between particles, fibres and matrix.
MATERIALS AND PROCESSING
The specimens were fabricated from a CF/EP prepreg sheet (Pyrofil MR50K, Mitsubishi Rayon) in unidirectional stacking sequence (200 mm x 200 mm after edge trimming). Table 1 shows the 4 different laminates produced in the autoclave. After heating up the prepreg to 120°C at 2°C/min in an vacuum bag, the curing time was three hours at a pressure of 4 bar. After finishing the curing circle the laminates were slowly cooled down to 50°C and then the pressure was removed. A 50 µm PTFE-film was placed between the 12 th and 13 th ply in order to obtain a natural pre-crack later. The piezoelectric ceramic (PZT-C82, Fuji Ceramics) particles were manually spread on the prepreg using a brush. The resulting laminates had a thickness of 3 mm and the fibre Patrick Rosso, T. Tanimoto, Klaus Friedrich volume fraction was 60%. Fig. 1 shows the good impregnation quality of the carbon fibres in the Pure (1a) laminate. Further, (1c) and (1d) illustrates at higher magnification how the PZT particles are connected to the composite between the single plies 11, 12 and 13. However, it is recognisable, that the particles are not uniformly distributed, which can be ascribed to the manual application.
EXPERIMENTS
Tensile test were carried out to measure E-modulus in 0°-direction (2 mm / min). Mode-I interlaminar fracture toughness was measured at room temperature according to the double cantilever beam (DCB) test procedure (ASTM D-5528). The testing speed was set to 1 mm/min for all material combinations. Aluminium blocks with loading holes were bonded to the specimens. Short beam shear tests were carried out according to EN 2563 to determine interlaminar shear strength (ILSS). Fig. 2 shows the crack-propagation-curves illustrating a stable crack propagation for all different materials. No stick slip behaviour was observed, only some fibre bridging in case of the PZT-20 material. The addition of the PZT is not affecting G Ic at the crack initiation for Pure, PZT-5 and PZT-10, which was observed visually using a travelling light microscope. The initiation value of PZT-20 on the other hand is decreased by more than 30%. It is recognisable by looking at the fracture toughness values (Table 2) , that the addition of piezo-ceramic particles results in a decrease of G IC . Obviously, higher contents of PZT do not benefit the interlaminar fracture toughness and thus the bonding quality between the prepreg sheets and the PZT particles. An explanation can be given after analysing fracture surfaces of tested specimens. Microfractographical details can be determined, which lead to the global failure mechanism. The Pure material shows hackle mark formation which is a major energy absorption mechanism as well as plastic deformation of the matrix. Further, the good fibre matrix adhesion does also support the resistance against crack growth. The addition of the PZT particles seems to influence the matrix material in a way that it becomes more brittle. The shear deformation in matrix rich regions dramatically decreases and moreover accumulations of the particles lead to weakened points locally. Supplementary cavitations of the particles are not observed. The fibre matrix bonding quality also 
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decreases with an increasing amount of particles. The PZT particles have a disturbing influence on the fibre/ matrix interface and do not participate in the energy absorption. With regard to the interlaminar fracture toughness, the particles or particularly the particle accumulations weaken the crack resistance, when they act as an obstacle during crack propagation rather than deflecting the crack. Relatively big matrix pieces chipping off in a brittle manner during the test, which explains the reduction of the fracture toughness values. This is not in accordance with observations from e.g. Hussain et al. [12] using inorganic particles as fillers in a CF/EP. Here, nano or micro sized Al 2 O 3 particles increased the fracture toughness of an CF/ EP laminate. The converse effect we observed, when PZT particles (2-3 µm) were added, can be explained due to the non-uniform and non-homogeneous distribution of the particles within the composite. There was no step to disperse the particles in the matrix first and, additionally, the filler/matrix adhesion seems to be not optimised. Table 2 shows also the results from the static tests.
The tensile E-Modulus was calculated in the linear elastic range of 0.05%-0.25% strain and is hardly affected by the modifications due to adding the PZT.
The same behaviour could be observed for the interlaminar shear strength (ILSS) values during the short beam shear test. Apparently, the addition of PZT has no significant influence on the laminates properties when loaded parallel to the fibre direction (0°). As ILSS loading is very similar to mode-II loading, probably G IIc would be not much affected by the modifications. A possible explanation of this effect could be due to additional friction on the interlaminar level involved.
CONCLUSIONS
This paper presents results on the effects of PZTparticle addition to unidirectional CF/EP laminates. It was found, that the interlaminar fracture toughness systematically decreases with an increase in particle content. This effect could be ascribed to the formation of particle agglomerates in interlaminar regions, which interfere with the resistance against mode-I crack opening. However, the ILSS and stiffness of the laminates are not influenced by the presence of the particles. Considering the benefits of PZT-particle addition from previous results [2] , the material combines good mechanical properties with an innovative passive vibration damping technique. The loss in interlaminar fracture toughness could be overcome by a more homogeneous distribution of the particles in the matrix.
